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Mae LOS ANGELES 


ABRASION MACHINE 


FOR DETERMINING THE QUALITY 
OF COARSE AGGREGATE 


Reported by D. O. WOOLF, Associate Materials Engineer and, D. G. RUNNER, Assistant Materials Engineer, Division of Tests, U. S. Bureau of Public Roads 


ency on the part of highway engineers to exam- 
ine rather critically a number of the time-honored 
tests for road materials with a view to ascertaining the 
accuracy with which they measure the ability of 
materials to meet present-day service requirements. 
Two such tests, the standard Deval abrasion test, ! 
and the standard toughness test,? have been used for 
many years to determine the quality of ledge rock. 
The Deval test has been modified by the American 
Society for Testing Materials to serve as a test for 
gravel as well as for ledge rock. ‘This modified Deval 
test for use in testing graded samples of rounded gravel 
was adopted tentatively in 1928.2 The American 
Association of State Highway Officials has also modified 
the original Deval test for the purpose of testing 
light-weight materials such as slag.* 


ID) ency on the past few years there has been a tend- 


DEVAL TEST UNSATISFACTORY IN SEVERAL RESPECTS 


These modifications, while necessary in order to 
adapt the Deval test to such materials as gravel and 


slag, also made necessary the use of entirely different 


test limits for the various materials even when they 
were intended for the same service. An illustration of 
this trend is found in the current specification of one 
of the State highway departments. For grade A 
coarse aggregate for concrete that department allows a 
maximum wear of 6 percent for limestone, 15 percent 
for blast-furnace slag, and 12 percent for rounded 
gravel. These requirements are intended to result 


in the use of aggregates of comparable quality. The 


differences are necessary because the modified tests 
give results differing from those given by the standard 
Deval test on ledge rock of comparable quality. This 
situation is unfortunate because of the apparent 
inconsistency which results from the use of different 
test limits for materials that are to meet the same 
service requirements. 

Criticism is frequently made of the comparatively 
small range in values given by the Deval test for rock 
of the quality ordinarily used in road construction. 
The Deval test is essentially an abrasion test rather 
than an impact test; for this reason certain types of 
materials that are very low in toughness, even though 
they are quite hard, will show relatively low abrasion 
losses in this test. Certain granitic materials fall in 
this class. Such materials are frequently reported 
as giving unsatisfactory results in service, even though 
their percentages of wear by the Deval test may be 
quite low. 

1 Method D 2-33, American Society for Testing Materials Book of Standards, 
Bates D 3-18, American Society for Testing Materials Book of Standards, 
SD renative Method D 289-28T, American Society for Testing Materials Book of 
Tentative Standards, 1934. 


4 Method T-3, Standard Specifications for Highway Materials and Methods of 
Sampling and Testing, American Association of State Highway Officials, 1935. 
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The standard toughness test has also been subjected 
to considerable criticism recently, much of which has 
been directed at the accuracy of the test method itself. 
Attention has been called to variations in results 
reported by different laboratories on apparently 
identical materials. A study of the problem indicates 
that the trouble is caused by the flattening of the 
spherical end of the plunger of the testing machine 
through use, with the resultant tendency to give higher 
values. Most of the test data upon which many of the 
State specifications for toughness are based were 
obtained before the necessity for rigidly controlling 
this variable was appreciated; hence the condition of the 
testing machine has assumed considerable importance 
in the acceptance or rejection of materials. The 
condition of the testing machine is rendered all the more 
important by the fact that many rocks are borderline 
materials from the standpoint of toughness, and even a 
small variation in test results may mean the difference 
between acceptance and rejection. 

The realization of these and other weaknesses in the 
present standard tests caused the bureau to investigate 
the possibilities of the so-called ‘‘Los Angeles rattler”’ 
test used by the State of California as an acceptance 
test for coarse aggregates. 


THE LOS ANGELES ABRASION TEST DESCRIBED 


A number of years ago a machine for determining the 
abrasive resistance of aggregates was developed by the 
engineers of the city of Los Angeles, Calif.2 The 
method developed is radically different from the 
standard Deval abrasion test in that the test charge is 
caused to drop instead of to slide or roll, and also in 
that an abrasive charge and a sample composed of 
graded sizes of particles are used. <A test run of 500 
revolutions is used instead of the 10,000 revolutions 
required in the Deval test, thus greatly reducing the 
time required for making the test. In 1927 the Cali- 
fornia State highway laboratory began a study of the 
Los Angeles abrasion machine to determine its suit- 
ability for use as a substitute for the Deval machine. 
The machine and test method were apparently found 
to be satisfactory for in that year the Los Angeles test 
method was adopted by the State as a standard method. 
Some changes in the method as originally proposed 
were made, the latest (1930) test method being as 
follows: ° 

The machine used in the test consists of a cylindrical drum 28 
inches in diameter and 20 inches in length, mounted longitu- 
dinally on a horizontal shaft, and having a shelf 4 inches wide 
extending from end to end on the inside. 

The drum is charged with 14 cubical blocks of cast iron having 


rounded corners and edges and weighing a total of 5,000 grams, 
along with 5,000 grams of rock, which is graded as follows: 


5 Selection of Rock and Gravel for Highway Construction, by C. L. McKesson, 
California Highways, vol. 3, no. 4, April 1926. 

6 From an unpublished report of California Division of Highways, Sacramento, 
Calif., dated June 13, 1930. 
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Figure 1.—Tuer Los ANGELES ABRASION MacHINE SHOWING 
CovER AND ABRASIVE CHARGE. 


Screen Total percent 


size passing 
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After charging, the drum is revolved 100 revolutions and 500 
revolutions at a rate of between 30 and 33 revolutions per minute. 
The result is reported as the percent of wear at 100 and 500 
revolutions. At the present time the wear is considered that 
portion of the sample which, after test, will pass a 10-mesh sieve 
having a clear opening of 0.065 inch (no. 12 U.S. Standard). 


In its report the California Division of Highways 
cites certain advantages possessed by this method of 
testing as follows: 

The Los Angeles rattler test is decidedly more suitable for 
determining the hardness and toughness of rock and the amount 
of soft material than any test or group of tests studied. Its 
advantages are pointed out as follows: 

(a) The nature of the treatment is severe, bringing out weak- 
nesses not shown by any one of the other tests studied. 

(b) It is adapted for testing both crushed and gravel aggre- 
gates. 

(c) It requires very little time for performance. 

(d) It is not affected materially by changes in volume of 
aggregate due to specific gravity because of the size of cylinders 
in which the test is made. 

(e) It eliminates a large amount of the personal equation which 
enters into some of the other tests. 


A study of the test method was undertaken by the 
bureau to determine whether the conclusions reached by 
California can be applied to tests covering a wider 
range of materials. A Los Angeles abrasion machine 
was constructed according to plans furnished by the 
California Division of Highways. This machine is 
shown in figure 1. The shelf which picks up the charge 
is mounted on the removable cover. This cover was 
originally fastened on by two bolts at each end. A few 
tests showed that the cover sprang at the center, allow- 
ing dust to escape, and to prevent this the cover is 
now fastened by two heavy bars, curved to fit the drum 
and fitting over stud bolts projecting from the drum. 








The gasket consists of four thicknesses of heavy canvas 
firmly sewed together. 

Test samples of rock, gravel, and slag were obtained 
from various parts of the country, largely from com- 
mercial producers. Where possible samples of both 
ledge rock and crushed material were obtained. The 
producers were requested to furnish crushed and ledge 
rock of the same quality, and as far as could be observed 
this was done. These samples represented practically 
all types of rock and gravel that are used for road build- 
ing. Although only three samples of slag were tested 
they represent the type of blast-furance slag (70 to 
85 pounds per cubic foot) most widely used in high- 
way construction. 


BALLS FOUND TO BE MOST SUITABLE AS AN ABRASIVE CHARGE 


Prior to the principal series of tests, a preliminary 
study was made to determine the possibility of sub- 
stituting balls for the cubical shot used by California. 
The procedure followed by California required an 
abrasive charge of fourteen 1-inch cast-iron cubes. 
It was recalled that in the standardization work on 
the brick rattler, abrasive charges of both cubes and 
balls were used, and that the balls were finally adopted.” 
The cast-iron balls proposed for use in the Los Angeles 
machine are the same as the small balls used in the 
brick-rattler machine, and have a nominal diameter of 
1% inches and an initial weight of about 431 grams. 
Since 12 new balls weigh about 5,170 grams, the stock 
of used balls from the brick rattler was inspected, and 
12 balls were selected whose total weight was 5,000-+5 
erams. 

To insure representative results in the preliminary 
series of tests, one sample of each of the three mate- 
rials—rock, gravel, and slag—was selected for test 
and at least nine samples of each material were tested 
with each type of abrasive charge. Determinations 
of the percentage of wear were made at the end of 100 
and 500 revolutions. After 100 revolutions the material 
was taken from the machine, sieved on a no. 12 sieve, 
and the particles were brushed free from adhering 
dust. All of the material retained on this sieve was 
then weighed. 

The entire charge, including the dust, was replaced 
in the machine. The test was resumed for an addi- 
tional 400 revolutions and the amount passing the 
no. 12 sieve was again determined. The results of 
these tests are shown in table 1. It will be observed 
that in every instance the balls caused a greater loss 
in abrasion than the cubes. The greater weight per 
unit of area of the ball, together with the delivery of 
impact at a single point, caused greater loss in the test 
than the edges and corners of the cube. 

Besides producing more severe action on the test 
specimen, the abrasive charge of balls gives slightly 
more concordant results. Tests with the ball abrasive 
charge show an average deviation of 3.4 percent in the 
loss at 500 revolutions, while the corresponding average 
deviation for the cubes is 5.5 percent. More con- 
cordant results were obtained at 500 revolutions than 
at 100. 

The cubes were found to lose weight at a greater rate 
than the balls. This required constant adjustment of 
the cube abrasive charge and possibly affected the 
abrasive loss. The balls lost very little weight after the 


7 A Study of the Rattler Test for Paving Brick, by M. W. Blair and Edward Orton, 
Jr., Proceedings, American Society for Testing Materials, Vol. 11, 1911. 
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TABLE 1.—Comparison of cubes and balls as abrasive charges in 
Los Angeles machine 
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first few tests. This feature, combined with the greater 
abrasion of the test sample and the more concordant 
results obtained, shows that balls are preferable for 
use as the abrasive charge. Furthermore, many labo- 
ratories are equipped with the brick rattler machine 
and presumably have a supply of cast-iron balls of suit- 
able size and weight. 


RESULTS OBTAINED BY THE TWO METHODS OF TESTING 
COMPARED 

After deciding to use balls as the abrasive charge, the 
main portion of the investigation was considered. It 
was desired to compare the results of the Los Angeles 
abrasion test with those for the Deval abrasion test 
and, also, to determine the effect of angularity of particle 
on the Los Angeles test results. To obtain these data, 
each sample was tested in the Deval and Los Angeles 
abrasion machines and toughness tests were made on all 
suitable samples of rock. The Deval abrasion tests on 
rock and slag were made in accordance with A. 8S. T. M. 
standard method D 2-33, and those on gravel in accord- 
ance with A. S. T. M. tentative method D 289-28 T. 
The tests with the Los Angeles machine were made 
according to the procedure used by California with the 
exception that the abrasive charge consisted of twelve 
1%-inch cast-iron balls weighing 5,000+5 grams. To 
determine the effects of shape and angularity of particles 
on the test results, tests were made on commercial 
crushed rock and hand-broken rock of cubical shape with 
sharp edges and corners, and also on both rounded and 
angular particles of gravel and rock. 

In preparing the test specimens for the Los Angeles 
test, the samples of gravel, slag, and rock were separated 
into the various screen sizes and recombined as shown in 
table 2. 


TABLE 2.—Gradation of Los Angeles abrasion test samples 
(grading A) 


{Screens with round openings] 
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The results of the standard Deval and the Los Angeles 
abrasion tests using grading A are given in table 3. 
Most of the test values given are averages of three or 
more tests. These values have also been plotted in 
figure 2 together with curves showing the average 
relation between the standard and modified Deval 
tests and the results in the Los Angeles machine. The 
number of points which depart from the average 
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PERCENTAGE OF WEAR-LOS ANGELES TEST 
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vy MARBLE, 4-GRANITE. 


Figure 2.—RELATION BETWEEN RESULTS OF TESTS IN DEVAL 
AND Los ANGELES MACHINES. 


curves demonstrates that the relations are only very 
general and do not apply to all types of materials nor 
to all samples of a given type. This is due mainly 
to the marked difference in the amount of impact 
produced in the two tests. Although both tests in- 
volve both surface wear and impact, the loss in the 
Deval test is mainly from surface wear, while that for 
the Los Angeles test is primarily caused by impact. 
Marble, for example, has about the same wear in the 
Deval test as limestone or dolomite, but in the Los 
Angeles test marble shows a much higher loss than the 
tougher rocks. 

Figure 2 is presented with the knowledge that no 
definite relation between the losses in the Deval and 
Los Angeles tests that will apply to all materials can 
be established. However, the figure will serve to show 
the approximate change in specification requirements if 
the Deval test is replaced by the Los Angeles test. 
For instance, it will be observed that, for an average 
loss of 50 percent in the Los Angeles test, the average 
Deval abrasion loss is about 7 percent for rock and 15 
percent for gravel. This happens to be approximately 
the same ratio (1:2) that is used in most specifications 
with the idea of obtaining materials of comparable 
quality. 

More concordant results are obtained in tests of 
gravel and crushed rock or slag in the Los Angeles 
machine than in tests by standard methods using the 
Deval abrasion machine. 'Testresults in the Los Angeles 
abrasion machine show a mean variation from the 
average of 2.7 percent, while those in the Deval ma- 
chine show a mean variation of 3.9 percent. The 
difference is not great but it is worthy of notice. It was 
observed that the speed of operation of the Los Angeles 
abrasion machine had a great effect on the loss during 
the test and it was found advisable to equip the motor 
with a speed control. Each test run was timed to insure 
that a constant speed of rotation had been used. 


EFFECT OF SHAPE AND ANGULARITY OF PARTICLE STUDIED 


In its report on the Los Angeles abrasion machine 
the California Division of Highways stated that the 
test results are not appreciably affected by the shape 
or angularity of the particles. The results obtained in 
the tests reported here are not entirely in agreement 
with the above statement. To investigate this feature 
samples of Cheat River, Potomac River, and Delaware 
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TABLE 3.—Percentage of wear and toughness as determined by 
abrasion and toughness tests 
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ple Location Kind of material tions) ages 
no. Deval | —— 
test 
Gravel, s. 
crushed ae 
ee rock 
slag 
Per- Per Per- 
cent cent cent 
S262 | Pennsylyaniase=| (olagease saan ae eae 7.8 84/84 oeease ccc sen= 
33263 | Maryland-_--_-_--- PAT UOs eee ee 2.0 18.4} 15.9 16 
33264 | West Virginia___| Limestone_--- 3.8 29. 2 24. 2 6 
33265 | Ohio 14.8 46.0 Messen on|aeaoase = 
33266 | New Jersey $15.1 AQ68 {| 22 Sen See 
33269 | Ohio 2 5.8 37.0) 30.7 5 
33270 | South Carolina__| Biotite granite_--_------ 2.5 Qlat |) 2119 12 
33271 | Wisconsin_---__- Quartzitessee eee 2.6 25.6 | 19.6 12 
38972 sansas-esee see Argillaceous limestone-- SD 3.4 
33273 | New Jersey------ Dis base-. Sees ae eee TeD .3 
38274) |S OIS== =e eae | Dolomitecesess-=--2==— 5.9 j. 1 
33275 | Washington_.--_-- QU Vieleeeeewes ee nae ee coal 
Boe 1G | OO esse as Slag Cae ee eee 11.8 
$8278) | Wiest Virginia == (Gra Velleeee een eee 410.0 
SBP Yfs | paee eG ee es el aes C0 Ko eam nm Ree ES eres Aa 
Bo27 9 | Wiinnesobas 2s. sate Asal Geeene eee 1.8 
$3992) District «of 1@o-1 Gravelee ssa e en 48.4 
lumbia. 
33992)| ee Ot sae eee, s eee oie A eae 817.5 
SALGoU Kan Gace LAM OStOT Om mee eee ae 14.4 
S454 be ee Ona ee Grav elise ste fee ss 47.5 
Sabot N= COS eee eee Argillaceous limestone_-; 12.8 
3444: ORO es Sees = i olomites==s.e2 = =e ' 23.6 
34545 413.8 
34571 8.2 
34572 Vie? 
34671 6.2 
34672 5.4 
34673 12.8 
34674 12.0 
34675 7.2 
34676 5.0 
34685 6.7 
34700) | Virginian 22222222 TAV el. ee 413.7 
34/01.) tarylande. os. oes CON ese eee eee 418.6 
34704 | Georgia_.____.____.| Micaceous granite_-__--_-_- 4.8 
DATS a ALCL a oe oe Gravyelct ste Renae ta 413.0 
Sa INO Wink Ol Kee ee salen COS ae ee 47.6 
34715 | West Virginia___| Argillaceous limestone__ 4.0 
SLT els 1 Omen ae eee Limestone. a sse—5—— = 4.5 
B47 22h eee (6 RoRae Me ed hm eee Dolomites=—s. = 8.6 
BUY ORY |e as does Argillaceous dolomite___ 3.7 
84724 |) Dlinoisae-sse-2-= Gravel 2232s ee £53 
347320) Vinciniae 5s IDOlomit@=24- sons eae 3.9 
SLi85 a ONO ee ee LIMESTONO a= eee ae 8.2 
347340 ||Gea 0 eae Argillaceous dolomite___| 3.9 
34749n|\ Pennsylvaniaes: 4 (Gravelec = aos eae eee 45.5 
34750) |e 0ee eee Oise cee ee eee 815.2 
34756 | Massachusetts___}_---- 02325 oe ee ee 417.9 

















1 Weight per cubic foot, 80.7 pounds. 

2 Weight per cubic foot, 72.2 pounds. 

3 Grading B, rounded particles only. 
D289-28T..) 

4 Grading A, rounded particles only. 

5 Weight per cubic foot, 77.0 pounds. 

6 Rounded particles only. 

7 Angular particles only. 

8 Grading A, angular particles only. 


(See A. S. T. M. Tentative Method 


River gravels were carefully hand-picked, and the 
rounded and angular particles were separated. Tests 
were made in the Los Angeles abrasion machine with 
both kinds of particles, and the results obtained are 
given in table 4. 

In the preparation of the Cheat River and Delaware 
River gravels for use as concrete aggregate the oversize 
material was crushed. It is quite possible that the 
majority of the angular particles used in the tests came 
from this oversize material. Visual inspection, however, 
failed to show any marked difference in quality between 
theroundedandangularfragments. The Potomac River 
gravel sample did not contain crushed material. The 
angular particles obtained from this material were 
distributed throughout the entire range of sizes, and 
had the same petrographic analysis as the rounded 
particles. The test results for these three gravels 
indicate that angular particles will give a somewhat 
higher loss than rounded particles of the same quality. 








TaBLE 4.—Percentages of wear on rounded and angular gravel 
tested in the Los Angeles machine ! 











Wear on— Loss of 
angular 
particles 

‘ expressed 
eas Material as a per- 
Pp : Rounded | Angular | centage of 

particles particles loss of 
rounded 
| particles 
Percent Percent 
30278) |) Cheat) River cravelescessaaeesee sees 47.5 59.3 125 
33992 | Potomac River gravel_._-....-------- 30.3 35.3 117 
ns \Delaware IR Vet ora Velessseee sae 29.3 34.6 118 


1 Each value is the average of at least 3 tests. 


Results of tests on hand-broken and crushed rock 
shown in figure 3 also demonstrate that the shape of 
the particle exerts a considerable influence on the test 
result, and show that the partially wedge-shaped 
fragment of crushed rock has a loss of approximately 
120 percent of that for the hand-broken fragments of 
cubical shape. In the tests of the three gravels, the 
rounded samples contained a greater proportion of 
particles that tended toward being spherical and offered 
more resistance to impact than the samples containing 
angular particles. It is reasonable to apply the 
findings from the crushed-rock and hand-broken-rock 
tests to these tests of gravel due to the difference 
between the shape of the particles of rounded and 
angular gravel. On this basis, a sample of angular 
gravel would be expected to give a loss of approximately 
120 percent of that found for a sample of rounded 
eravel of the same quality. It will be observed that 
approximately this same ratio was obtained in the tests 
of the three samples of gravel (see table 4). 

Further tests to determine the effect of shape and 
angularity were made on samples of angular and 
artifically rounded rock. One large sample of crushed 
rock and two samples of hand-broken rock were ob- 
tained, and a portion of each was run in the Deval 
abrasion machine until the sharp edges and corners 
had been worn off. Two test samples were then pre- 
pared from each material; one sample contained frag- 
ments with sharp edges and corners; and the other was 
composed of rounded fragments. Each sample was 
tested in the Los Angeles machine and the results 
obtained are shown in table 5. 

The angular rock shows a slightly higher loss than 
the rounded rock, but in no instance is the increase in 
wear similar to that found in the tests of gravel or 
crushed and hand-broken rock. It is apparent that 
while the sharpness of edge and corner may have some 
influence on the loss in the Los Angeles test, the shape 
of the particle exerts a much greater effect and for most 
purposes the sharpness of edge and corner may be 
ignored. 

Samples of aggregates that contain large percentages 
of flat or elongated fragments will show a much higher 
percentage of wear than materials of equal hardness in 
which the fragments tend more toward cubical shape. 
This difference between fragments of different shape 
indicates that the desire of highway engineers to limit 
the percentage of flat and elongated particles in aggre- 
gates is justified. The relatively small effect of sharp- 
ness of edge and corner will permit the use of a single 
specification limit for crushed stone and for either 
rounded or angular gravel. 
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PERCENTAGE OF WEAR-—HAND BROKEN ROCK 
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PERCENTAGE OF WEAR - CRUSHED ROCK 


FicuRE 3.—RELATION BETWEEN TrEst ReEsuLtts on Hanp- 
BrokEN Rock (CusicaL SHAPE) AND CrUsHED Rock (Par- 
TIALLY WEDGE SHAPED) IN THE Los ANGELES MACHINE. 


TABLE 5.—Percentages of wear on rounded and angular rock tested 
in the Los Angeles machine 














Wear on—! Loss of 
angular 
Maas 
expresse 
eae Material as @ per- 
Rounded Angular | centage of 
particles particles loss of 
rounded 
particles 
| 
Percent Percent 
34549 | Crushed limestone_-_---.-.-----.-- 31. 33. 4 106 
34631 | Hand-broken sandstone__---------- 62.8 64. 4 103 
aoe Hand-broken limestone__---------- 22.4 23.9 107 








1 Fach value is the average of 3 tests. 


COMPARISON OF LOSSES AT 100 AND 500 REVOLUTIONS WILL 
INDICATE PRESENCE OF SOFT ROCK 

The method of test used by California requires the 
determination of the percentage of wear after both 100 
and 500 revolutions of the Los Angeles abrasion ma- 
chine. The determination after 100 revolutions is 
expected to be useful in determining if soft particles are 
present in the material. In this connection it was 
desired to determine if a sample of uniform composition 
shows a straight-line relation between loss and number 
of revolutions. Table 1 shows the results of preliminary 
tests made with cast-iron balls. Figure 4 presents the 
relation between the length of test and the percentage 
of loss. It will be seen that for materials 1 and 2 the 
percentage of loss varies directly with the number of 
revolutions. Material 3, however, is of nonuniform 
hardness since the percentage of loss at 100 revolutions 
is proportionately greater than that at 500 revolutions. 

Results of tests to determine the effect of known 
amounts of soft rock in the sample are shown in table 6 
and figures 5 and 6. A hard limestone of uniform com- 
position was used as the base material, and soft rock of 
varying amounts and sizes was added to it to determine 
the effect on percentage of wear. 

In the first series of tests the amount of soft rock in 
each sample was held constant at 10 percent of the total 
weight of the sample while the size of the fragments of 
soft rock was varied. Tests were made with the soft 
rock contained entirely in each separate size and also 
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HUNDREDS OF REVOLUTIONS 


Figure 4.—ReELATION BETWEEN LENGTH oF TEST AND PER- 
CENTAGE OF WEAR, SHOWING Errrect or Sorr PARTICLES IN 
MATERIAL. 


with the soft rock distributed in size from 1% to % inch 
in the same proportions as is specified for the total 
sample. Determinations of the percentage of wear 
were made at 100 and 500 revolutions. As shown in 
figure 5, the loss at 100 revolutions is affected slightly 
by the size of the soft rock fragments, the loss increasing 


TABLE 6.—Percentages of wear for different sizes and amounts of 
hard and soft rock 


FIRST SERIES 






































Composition of : Bi e ] = 
sample Classification of soft rock Wear at 
Hard Soft : 100 revo- | 500 revo- 
rock | rock Type Size | jutions | lutions 
Percent | Percent Inches ; Percent | Percent 
90 103|—DOlOTnTt Gere en a eee 14-14 ii I) 40.3 
90 10) see Faliioe Se ao tet ee ee 4-1 12.1 40, 2 
90 ANG) le Soe CO eee eee oe eee 1 -% 13.3 40. 2 
90 10S COR ae re ee eS 34-14 13.9 40. 1 
90 LO Sseo" LOS aes Bees ro ea 1y- % 13.0 39,9 
90 JOA SandstonGests aes ne een eae 14-14 10.1 39. 1 
90 10) (See (OUR ee ES Ue ee ee eo ee 14-1 10.9 38.9 
90 10s/ie2. ih se ee gee 1 -% 11.3 39. 0 
90 LOnieeee Oss Soha OR et 34- lo 13.1 38. 8 
90 TOR Soeee (Glo jose oe Sak Sal ee ee Sa 1y- % 11.4 39. 4 
100) | OLIMIN O10 tase eee ee ee ee ae oan | Soa ct ee 8.0 35. 7 
95 % 10.7 30,2 
90 X% 13.0 39.9 
80 4% 18.0 45.0 
0 4 44.0 98. 5 
95 \% 9.5 36.9 
90 % 11.4 39.4 
80 % 14.6 45.0 
0 % 33. 6 94.7 
95 Bulaimestone see oe ee 14- \% 8.0 | 35.4 
90 10 (e) 14- % 8.6 37.0 
80 NES dota 3 eleva ate | ee 9.0 38,9 
0 LOOM Poet: Oe ee Ate 14- 4) 12.3 | 55. 4 
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Figure 5.—ErFrrect or Size or Sorr Rock FRAGMENTS; Hach SAMPLE ConTaAINED 10 PeRcENT (By WeiGcHt) or Sorr Rock. 


with reduction in size. At 500 revolutions, however, 
the size of the soft fragments has no apparent effect on 
the percentage of wear. 

In the second series of tests the soft rock was distrib- 
uted in all sizes of each sample in proportion to the 
amount of each size in the total sample. Soft rock 
amounting to 5, 10, and 20 percent of the total weight 
of the sample was used. The results are shown in 
figure 6. Tests were also made on samples composed 
entirely of hard or soft rock. The hard-rock sample 
gave a practically straight-line relation between per- 
centage of wear and number of revolutions. With the 
addition of soft rock, the loss at 100 revolutions was 
more than one-fifth of the loss at 500 revolutions, and 
the curve assumed a characteristic hump denoting a 
material of nonuniform hardness. It is of interest to 
note that the actual loss under test of a mixture of 
hard and soft rock agrees fairly well with a weighted 
loss computed from the percentages of wear for the 
separate materials. 

It does not appear possible to determine the per- 
centage of soft rock in a test sample entirely by in- 
spection of the results of the 100- and 500-revolution 
tests. Figure 6 shows that the difference in slope of 
the lines from zero to the 100-revolution point, and 
between the 100- and 500-revolution points, may be 
used to indicate the relative effect of soft rock in the 
test sample. This difference in slope increases with 
increase in the amount of soft rock present. It is 





possible to determine if the sample under test contains 
soft rock, but whether the adulterating material con- 
sists of a small amount of very soft rock or a large 
amount of moderately soft rock cannot be determined 
by the present method of test. The test results give 
a general indication of the uniformity of the sample 
and in certain cases this may be of considerable inter- 
est. It is possible that some difference may be found 
by determinations of the loss at some point of the test 
other than at 100 and 500 revolutions, or that a com- 
plete mechanical analysis of the sample after testing 
will show the character of the adulterating material 
more clearly. 


COMPARISON OF TEST RESULTS WITH SERVICE RECORDS SHOWS 
ADVANTAGES OF LOS ANGELES TEST METHOD 


During the winter of 1933 a number of research 
organizations studied the problem of devising a satis- 
factory method of determining the quality of crushed 
material proposed for use in road surfacing. Reports 
from a number of different sources stated that the 
results of the Deval abrasion test bore no relation to 
the service record of materials used in surface treat- 
ment or other types of low-cost road construction. 
The extensive use of these types of construction neces- 
sitated the development of a test that would indicate 
the suitability of materials for use in this work. One 
proposed test was to determine the resistance of 
crushed and graded material to the crushing action of 
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O-HARD ROCK, x-5% SOFT ROCK, 


Ficurs 6.—RELATION BETWEEN LENGTH OF TEST AND 


a heavy roller in passing over a thin layer of the mate- 
rial.8 Although excellent results were obtained by the 
roller test, the labor and time required rendered it 
unsuitable as an acceptance test and it was suggested 
that possibly the less-involved Los Angeles abrasion 
test could be used to derive information of equal value. 
_It was realized that in order to cover the range in 
size of materials used in surface-treatment work provi- 
sion should be made for testing aggregate having a 
maximum size of about * inch. In other types of low- 
cost road improvement the aggregate has a maximum 
size of about 115 inches, and it was decided to test 
samples having gradings suitable for each of these 
classes of work. In preparing these samples, sieves 
were used rather than screens since it is the general 
practice to use square openings in the analysis of this 
class of materials. 

After considerable experimenting, two gradings for 


the Los Angeles abrasion test were adopted that were | 


believed to be suitable for testing practically any size 
of material used in bituminous or concrete pavements. 
It was found that if the amount of abrasive charge for 
the smaller grading was made slightly less than that 
for the larger grading, the loss for both gradings would 
be approximately the same. This permits the estab- 
lishment of a single specification limit for a material 
irrespective of the grading used in the test. The grad- 

8 A simple and inexpensive machine for this test is described in a summary of 
research activities by State highway departments in Rock Products, vol. 34, no. 2, 
pp. 51-57, Jan. 17, 1931. A more elaborate apparatus is described in A Laboratory 


Service Test for Pavement Materials, by A. T. Goldbeck, J. E. Gray, and L. L. Lud- 
ow, Proceedings of American Society for Testing Materials, vol. 34, Part IT, 1934. 


A-10 %e SOFT ROCK, 


PERCENTAGE OF WeaAR, SHOWING Errect oF VARYING AMOUNTS OF 
Sorr Rock. 





+-20%o SOFT ROCK, O-SOFT ROCK 


TaBLe 7.—Composition of sample for Los Angeles abrasion test 


GRADING OF MATERIAL 








Size of square opening 

















Grading B | Grading D 
Grams Grams 
114 to 1 inch___-_- SSeS 53 etes SS Righ=| oe eas ose 250) [cent eee 
i tors4-in Cha aes eee oe oe 2 ee ee See Eee ay ee 1, 250 0 
SF OG LN Cee en ee ee ee ee ee 1, 250 2, 500 
NAG MOOS) tee tee ee Ree A Ree Nee ie ae See ee ee 1, 250 2, 500 
otal Ss csssese ae ete eRe Fee ee ae ane 5, 000 5, 000 
ABRASIVE CHARGE 

INumiber of/4-1nch Dallse -=e=sees aes eee ee ewe or oe 12 11 
Total weight, grams-____.---- tA Fle PE a eee ie 2 ere ae 5, 000-E5 4, 583-45 











ings and abrasive charges finally adopted are given in 
table 7. 

Some concern was expressed as to the possibility that 
with the change from the previously used grading A 
(round openings) to gradings B and D, the relations 
established for grading A could not be applied to the 
other gradings. However, it was found that the losses 
for grading B were so nearly the same as those for grad- 
ing A that for all practical purposes the established data 
could be applied to test results for grading B. 

In order to obtain definite information regarding the 
significance of the Los Angeles abrasion test in terms of 
service behavior, samples of crushed rock, gravel, and 
slag that had been used in surface-treatment of roads 
were obtained from a number of State highway depart- 
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Figure 7.—ComMPARISON OF Los ANGELES AND DrvaL ABRASION TEST RESULTS WITH SERVICE RECORD. 
ments. ‘Tests of these materials were made in the Los| standard methods of testing coarse aggregates. The 


Angeles abrasion machine using gradings A, or when 
possible using gradings B and D. In the majority of 
instances, at least three tests were made with each 
grading. The results of these tests are shown in table 
8. In figure 7 a very close agreement is shown between 
the average results of the Los Angeles abrasion test and 
the service records of the materials. With the excep- 
tion of one sample, all materials that were found to be 
of satisfactory quality in service show losses in the Los 
Angeles abrasion test of 40 percent or less. Materials 
of questionable suitability show losses between 40 and 
50 percent, and, with one exception, materials that had 
been found to be unsuitable for use had losses of over 
50 percent. 

No relation was found between the service record and 
the loss in the Deval abrasion test. Of 10 samples of 
rock reported as questionable or unsatisfactory, 8 had 
percentages of wear of 6 or less and would be considered 
suitable for use under many present specifications. 
The one sample of gravel that was reported as ques- 
tionable had a Deval loss of 12.4 percent and would 
also probably be accepted for use on the basis of present 








ereat difference in the suitability of the Los Angeles and 
Deval tests in showing clearly the quality of coarse 
ageregate is well illustrated in figure 7. Asan example, 
samples 40279 and 40281 had almost the same per- 
centage of wear in the Deval test but in the Los Angeles 
test the latter material had over twice the loss of the 
former. 

These comparisons between losses in the Los Angeles 
abrasion test and service records were made on ma- 
terials from 44 different sources. It is believed that 
the remarkable concordance of the results justifies the 
tentative establishment of a loss in the Los Angeles 
abrasion test of 40 percent as an acceptable limit for 
material that will prove satisfactory for use in surface- 
treatment work. 

The tested samples of both gradings B and D had 
nearly equal percentages of wear. As shown in figure 8, 
in only five samples does the loss for one grading differ 
by more than 3 percent from that for the other. For 
3 of these 5 samples, the loss for grading D is the greater, 
and it is believed that in the crushing operations the 
softer rock was reduced in size to a greater extent than 
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TaBLE 8.—Comparison of Los Angeles and Deval abrasion test 
results with service behavior of materials 









































Percentage of wear 
using— 

Sam- q . ‘ Los Angeles test} Reported serv- 
ple Location Kind of material g Dp ty 
na. + ice record 

& | ow 80 bo 
2 1S.lauls 

Bie la. lao 
A We ie) i) 
Per-| Per-| Per-| Per- 
cent | cent | cent | cent 

40110 | Wisconsin -_----- ANered (Oasaltc==. Sle2- leo |b oe 10. 5| Satisfactory. 

40280 | Virginia___..____ Argillaceous dolo- | 2.9]___-- 17. 2) 20.9 Do. 

mite. 

B0219 |-.--- OEE #2222. Aplitic granite____| 1.7}____- 17.4] 19.2 Do. 

meson) OUIO. 2-2 -=-- Argillaceous lime- | 7. 3}____- 20. 2) 26.0 Do. 

stone. 
gogeo | Virginia.-_.._--. Amphibolite______ ai. oe 23.0} 22.8 Do. 

40178 | New York-_-_-_--- Argiliaceous lime- | 3.9}____- 24.8] 24.3 Do. 

stone. 

40084 | Georgia__.-_---- WDolomiutese=2=—=-- slelpee. Se Vise Ale em Do. 

g010s.) YWisconsim._--=-|----- (5 (0 lana eee ier ew 25. 3} 24.6 Do. 

40119 | Pennsylvania___| Quartzite______--- Asdt= 2a! 26. 5| 24.6 Do. 

40149 | Tennessee _--_--- Argillaceous lime- SO) SS 26.6} 25.0 Do. 

stone. 

40059 | Georgia__------- Limestone = -=-.-.- BHO aie | ae ba oe Do. 

40231 | New York_-_---- Argillaceous lime- | 4.0|____- 28.0) 25.4 Do. 

stone. 

40086 | Alabama-_--_---- NS) Egat os Seg eet ORD eee 3 Picky eee Do. 

40107 | Wisconsin _----- Gravieleo-- 4. sees (3) oe 29.1] 28.9 Do. 

40109 |_____ dG. HDolomitee-2-=- == tae ee 30. 1} 30.0 Do 

40138 | Tennessee_____-- Limestone- ------- Bet) (ee ae 30. 2} 29. 4 Do. 

40182 | New York--_-_--- Crystalline argilla-| 4.9)_____|_____ 30. 6 Do. 

ceous limestone. 

40277 | Virginia___-_.---| Argillaceous lime- | 3. 5}____- Seal |ssO: a Do. 

stone. 

Bord) |! Tlinois.2._..=-. DO] ONG ee eee ee 31. 3} 29.6 Do. 

HO0ot | Georgia... _._=- Slag guee-s 5s ees LONG R316 |e eee Do. 

40274 | Virginia___-_---- (Gramitec = = a Zl eee 32. 7| 33.4 Do. 

40180 | Michigan ___---- Lamestone. 72 Oy ieee 33. 7| 33.8 Do. 

milo Wisconsin.€ ..---|' Dolomite...--..-=— eel pee 34. 4| 33.0 Do. 

40136 | Tennessee__--__-- Limestone. ---__-- 2i6|aee 34. 6| 32.4 Do. 

40229 | New York_-_---- Argillaceous lime- | 4.9]_____ 34, 8}____- Do. 

stone. 

40137 || Tennesee_-_-:-.— Grier AS ieee a eee 34.1] 37.7 Do. 

40147 | South Carolina_| Granite___-------- Bae oos 35. 0) 36.0 Do. 

Rayna Virpinis- 228-2 =|... Oni ee ees iL pe) eee 36. 6] 37.6 Do. 

40106 | Wisconsin__-_---- Graveleee- ee dies} 2:1 oak |e Bt.) Do. 

AQLI2: | ~  . GO 2a” os Argillaceous lime- | 6.3]_____ 39. 4! 35.6 Do. 

stone. 

0008, | (Oklahoma. _-_-.|| Limestone... .=..-|.-.-.|..-.- 40. 4| 39.4 Do. 

40194 | New York__-_-_-- Biotite gneiss _____ DSA eee 47.9} 39.5 Do. 

40085 | Georgia____----- Dolomitic marble_| 6.0|____- Ae Oiess Le Questionable. 

40278 | North Carolina_| Granite . 0} 43.6 Do. 

CADELSE LL NT oa B66: Wappen 6 (gS 46.9 Do. 

40114 | Maryland______- Dolomitic marble - 45. 4 Do. 

40057 | Georgia_-_------ (Gran eee ee OAD Riedie eee Do. 

40146 | South Carolina_| Gravel___.-------- 51.0 Do. 

40430 | Tennessee______- MOSLOMC seen : .4| 42.0} Not suitable. 

ates ||) Michigan 2. .-2-|o_._ dues I .O} 51.0 Do. 

em OMI 2. - be kee as doa : 9) 62.2 Do. 
40056 | Georgia__-___-_-_- Granite aged VAC Ia} eee) I Do. 
40145 | South Carolina_| Gneissoid granite__| 4.8|____- 6756) Do. 
40144 |_____ Goel eee Gravelon see: SER oon 83, 0)/-2e 2 Do. 











the harder rock. This would account for the greater 
loss of the finer grading. The other two samples, a 
biotite gneiss and an argillaceous limestone, contained 
an appreciable percentage of flat fragments. The 
excessive loss for grading B is attributed to these flat 
fragments that are found to a greater extent in the 
larger sizes of the sample. For all samples tested, the 
average difference between the losses for gradings B 
and D is only 1.9 percent. It is believed that either 
grading may be used in acceptance or control tests of 


coarse aggregates. 
CONCLUSIONS 


The results of this investigation demonstrate that 
the Los Angeles abrasion machine is superior to the 
present standard Deval machine in the following 
respects: 

1. Los Angeles abrasion tests can be made much 
more rapidly and are more accurate than Deval 
abrasion tests. 

2. Both round and angular particles may be tested 
with very little difference in percentage of wear due 
to the degree of angularity. 
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FiGurE 8.—RELATION BETWEEN LossSES OF GRADINGS B AND 
D sy Los ANGELES ABRASION TEST. 


3. The Los Angeles abrasion test result is greatly 
affected by the shape of the particles. Thus the 
presence of flat or elongated fragments in a sample 
increases the loss in the Los Angeles test, while in the 
Deval test these possibly objectionable particles might 
have little effect on the percentage of wear. 

4. The presence of soft or friable rock can be de- 
tected with the Los Angeles test but not with the 
Deval abrasion test. 

5. A definite relation seems to exist between the 
loss in the Los Angeles abrasion test and the service 
record of materials used in surface treatment of roads. 
Based on the results available to date, materials having 
a loss in the Los Angeles abrasion test of 40 percent or 
less may be expected to furnish satisfactory results 
when used in surface treatments. 

6. Differences in the volume of different test samples 
due to differences in specific gravity need not be con- 
sidered due to the relatively large capacity of the Los 
Angeles abrasion machine. 

7. Dust produced in the test does not affect the 
result as it does in the Deval test. 

8. The Los Angeles test is made on material as pre- 
pared for use on the project, while the Deval test for 
rock requires the use of ledge rock that may not repre- 
sent the material actually used. The two gradings, 
B and D, proposed for use in the Los Angeles abrasion 
test, furnish practically the same result, and specifica- 
tion tests may be made using the grading which can 
most readily be prepared from the material submitted 
for test. 

9. The effect of personal equation in the preparation 
of the test sample is largely eliminated in the Los 
Angeles test method. 

A disadvantage of the Los Angeles test is that no 
provision is made for testing ledge rock taken from 
undeveloped quarries. However, as shown in figure 3, 
a fairly definite relation exists between samples of 
crushed and hand-broken rock, and tests could be 
made on the ledge rock provided the result is corrected 
to agree with those for the crushed material. 


A ROLLER-TESTING MACHINE FOR 
MEASURING THE STABILITY OF 
BITUMINOUS MIXTURES 


BY THE DIVISION/OFR TESTS, UpS*BUREAU OFSPUBEIG ROADS 


Reported by E. L. TARWATER, Assistant Highway Engineer 


have been made of hot asphaltic paving mixtures 

of both the fine- and coarse-graded types. These 
studies have been directed primarily towards the de- 
velopment of laboratory tests for predetermining the 
actual road behavior of various combinations of mineral 
ageregates and asphaltic materials. The studies have 
been carried on by various organizations, using different 
kinds of apparatus and methods of testing. As a 
result there are now in use several types of tests 
that appear to be of value in the study and design of 
bituminous mixtures. All of these tests are designed 
to measure the probable stability or resistance to dis- 
placement under traffic, and a majority of them involve 
the measurement. of resistance to shearing stresses. 
Two of the better-known tests are the Hubbard-Field 
and the Skidmore tests.! 

In the Hubbard-Field test a compressed specimen 2 
inches in diameter and 1 inch deep is forced through a 
1%4-inch circular opening. The load in pounds required 
to do this is designated as the stability of the specimen. 
Specimens are normally tested at a temperature of 
60° C. This test is used in the study and design of 
mixtures of the sheet asphalt type. The Hubbard- 
Field testing machine is illustrated in figure 1. 

The Skidmore test is used for both the fine- and 
coarse-graded types of mixtures, and the stability is 
designated as the load in pounds required to shear off 
the free section of a cylindrical test specimen, part of 
which is held in a frame or mold. This test is made by 
applying the load in successive increments. Specimens 
are tested at a temperature of 60° C. Mixtures con- 
taining both fine and coarse aggregate are tested in 
this manner, the sizes of the test specimens and testing 
apparatus being increased for the coarse-aggregate 
mixtures. 

Another form of shear test is the extrusion test 
developed by the Bureau.” In this test specimens 
2 inches by 8 inches by 6 inches deep are formed with 
a power tamping device and, after being brought to a 
temperature of 60° C., are placed in a testing mold. 
A uniformly distributed load is applied to the top of the 
specimen, causing the mixture to extrude through open- 
ings in the bottom and ends of the mold. Stability is 
designated as the maximum load in pounds supported 
by the specimen. 

The results of this test are influenced by slight 
variations in the composition of mixtures, and the test 
was thought to be well adapted to the study of resistance 
to displacement. However, in testing mixtures con- 
taining appreciable amounts of aggregate larger than 
4 inch, erratic results were obtained and were attributed 
to the arching action of the coarser particles. Itseemed 


Dien recent years numerous laboratory studies 


1 Circular no, 34 of the Asphalt Association. 
2Emmons and Anderton, A Stability Test for Bituminous Paving Mixtures. 
A.S. T. M. Proc., vol. 25, part 2, p. 346. 
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impossible to eliminate this difficulty without increasing 
the size of the specimen to unwieldy proportions. It 
was realized also that the test bore little relation to the 
action of traffic, and it was thought desirable to develop 
a method of testing that would more closely simulate 
actual conditions of use. 


ROLLER-STABILITY MACHINE DESCRIBED 


With this objective, the bureau designed and con- 
structed a machine in which specimens 8 inches by 4 
inches by 2% inches deep were subjected to a rolling 
load causing longitudinal deformation.* This roller 
machine was later rebuilt to eliminate certain objec- 
tionable features and as rebuilt was used in the work 
covered by this report. The machine in its present 
form is designed to subject the test specimen to the 
compressive action of smooth metal rollers which pass 
over it slowly and without impact. The rollers move 
in one direction under controlled conditions of speed, 
load, and temperature. 

Figure 2 shows a general view of the testing machine. 
It consists of a rigid base, A, carrying the driving motor 
on one end and a countershaft on the other. In the 
center of the base there is a pair of vertical guides, B. 
Eleven hollow steel rollers, C, 4 inches in diameter and 
3 inches long, are arranged between and at equal inter- 
vals along the peripheries of two steel disk side plates, D. 
These plates are rigidly fastened to a short horizontal 
shaft that rotates in bearings mounted on a frame, L. 
These parts constitute the roller assembly and this 
entire unit is free to move vertically between the guides, 
Bb. The roller assembly is driven by suitable gearing 
and may be lifted at will by means of a power-driven 
elevating mechanism at the top of the guide frame. 

The total weight of the roller assembly is 450 pounds, 
all of which is normally imposed on the test specimen. 
It is possible, however, to reduce the pressure on the 
specimen by means of a suspended counterweight 
attached to the top of the yoke (#, fig. 2). This 
attachment was not on the machine when the photo- 
graph was taken. The roller assembly moves at a 
speed of 2.1 revolutions per minute during tests. 

Directly underneath the roller assembly is a rec- 
tangular steel tank or water bath, F’, in which the test 
specimen is mounted. When the roller assembly is 
rotated there is a periodic variation of its effective 
radius (the distance between the surface of the test 
specimen and the center of the disks, D). When one 
of the rollers is directly below the axis of rotation of 
the disks this effective radius is a maximum (9.4 inches), 
and when the midpoint between two of the rollers is 
directly below this axis the effective radius is a minimum 
(9.1 inches). In the first position, one roller rests in 


3 Researches on Bituminous Paving Mixtures, by W.J. Emmons. PuBiic ROADS, 


vol. 7, no. 10, December 1926, 
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Figure 1.—HvussBaArD-Fietp StTapitiry TESTING MACHINE. 
the center of the specimen and carries all of the weight, 
while in the second position two rollers rest on the 
specimen and each carries half of the imposed weight. 
If the tank containing the specimen were fixed in eleva- 
tion, this variation in the effective radius of the roller 
assembly would cause the entire mass of the assembly 
to be raised and lowered through a distance of about 
0.3 inch 11 times per revolution. In the first machine 
built the tank and specimen were in a fixed position, 
and this motion took place and produced an undesirable 
impact on the test specimen. 

In the rebuilt machine the impact has been elimi- 
nated by mounting the specimen bath on four hardened- 
steel cams (G, fig. 2), shaped so that the vertical motion 
imparted to the specimen by the cams exactly compen- 
sates for the changes in effective radius of the roller 
assembly. The cams are synchronized with the motion 
of the rollers through suitable gears. The effectiveness 
of the arrangement in preventing impact is evidenced 
by the absence of vertical motion of the roller assembly. 

The specimen is confined in an adjustable testing 
mold that has one end and the top surface open as illu- 
strated in figure 3. Upward deformation at the sides 
of the specimen is prevented by a section of angle iron 
(K, fig. 4), that is clamped over the mold’s edges 
and extends ' inch over the top of the sample at either 
side, leaving a 3-inch open surface over which the rollers 
pass. Rotation of the rollers is induced as they pass 
over the top surface of the specimen, tending to deform 
it longitudinally through the open end of the mold. 





Figure 2.—ROoOuLER STABILITY TESTING MACHINE. 


| Deformation is measured with an Ames dial (H/, fiz. 4), 
and a counter, J, records the number of roller passages 
over the specimen. Figure 4 shows the specimen and 
rollers in testing positions. 





LONGITUDINAL DEFORMATION A MEASURE OF STABILITY 


The resistance of a test specimen to longitudinal 
deformation is an indication of its stability. In this 
study stability was defined as the number of roller 
passages required to produce a deformation of 0.3 inch. 
This limit of deformation was adopted after a prelimi- 
nary investigation showed that for movements in excess 
of 0.3 inch the relation between the number of roller 
passages and the amount of deformation became 
erratic. Figure 5 shows the variations in test results 
for comparable test specimens. The curves represent 
test results with three different mixtures from each of 
which two specimens identical in composition and 
density were molded. This figure shows that test 
results on the comparable sheet asphalt specimens, 
A and B, and C and D, were identical up to 0.3 inch 
deformation, and that considerable variation occurred 
beyond this point. For the bituminous concrete 
specimens, /’ and F, very close agreement in test results 
was obtained up to 0.3 inch deformation, while beyond 
this point an even greater variation occurred than for 
the sheet-asphalt specimens. 

The temperature of the test specimen was held at 
60° C during the test. The selection of this tempera- 
ture was based upon a study made by the Bureau * 
some years ago in which 60° C. was the highest tempera- 
ture found within a road surface under actual field 








4 Temperature as a Factor in the Stability of Asphaltic Pavements, by W. J. Em- 
mons and B, A. Anderton. PUBLIC ROADS, vol. 7, no. 2, April 1926, 
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Fiaure 3.—Moup ror HonpiInGc SPECIMENS DurRina TEST IN 
THE ROLLER STABILITY MACHINE. 





Ficurre 4.—A SprEcIMEN IN PLacr READY FOR TESTING. 


conditions. This temperature was recorded a number 
of times, indicating that it was not unusual, and it has 
generally been used in stability test work by other 
investigators. The stability values given herein con- 
sequently represent the minimum that the mixtures 
may be expected to possess under normal service 
conditions. 

The power tamping device, formerly used in forming 
specimens for the extrusion test and for the first roller 
machine, was discarded in favor of a molding machine 
in which the specimens are compacted by a rolling load. 
This machine, illustrated in figure 6, and described in 
Pusuic Roaps, vol. 10, no. 2, April 1929, more nearly 
simulates actual compaction on the road and produces 
specimens sufficiently uniform in density and of any 
workable density desired. This machine was used in 
forming specimens for the roller stability tests, and also 
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5.—RELATION OF NUMBER OF ROLLER PASSAGES TO 
LONGITUDINAL DEFORMATION. 


FIGURE 





Figure 6.—Tue Upper Picture Is 4 GENERAL VIEW OF THE 
Moupine Macuine. THE Lower Picture SHOWS A SHEET- 
ASPHALT SPECIMEN IN THE Moupinec Macuine. 


in forming specimens from which cores for the Hubbard- 
Field test were taken. 
The adequacy of any laboratory test for determining 


the relative stability of paving mixtures is dependent - 


upon its ability to distinguish between mixtures of 
variable compositions, whether laboratory prepared 
specimens or sections taken from pavements that have 
shown different service behaviors. Hubbard and 
Field have demonstrated that their stability test is 
quite sensitive to variations in consistency and quan- 
tity of asphalt cement, kind and quantity of filler, and 
character and grading of the sand in sheet asphalt pave- 
ments. They have also shown,’ by tests on cores 
taken from pavements in use, that the stability values 
obtained in the laboratory are a measure of the resist- 
ance of the surfaces to displacement under traffic. The 
test as designed by them, or as slightly modified to 
utilize available laboratory equipment, is widely used 
as a method of measuring stability. 


§ Correlation of the Stability Test with the Behavior of Pavements under Traffic. 
Proe. Fifth Annual Asphalt Paving Conference. 
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TESTS MADE ON SHEET ASPHALT AND ASPHALTIC CONCRETE 
MIXTURES 


In order to determine the value of the roller stability 
machine, sheet asphalt mixtures of variable composi- 
tion were tested for stability in both the roller-stability 
and the Hubbard-Field machines. The relative sta- 
bilities of bituminous-concrete mixtures of variable 
compositions, both prepared in the laboratory and 
taken from surfaces under traffic, were also determined 
with the roller-stability apparatus. 

In this investigation the same kinds of materials 
were used throughout, that is, one asphalt cement, one 
limestone filler, and one type and grading of sand and 
coarse aggregate. The coarse aggregate in the bitu- 
minous concrete mixtures was a relatively soft lime- 
stone and was used for the purpose of determining 
whether crushing of the aggregate would occur either 
in molding or in testing specimens. Careful examina- 
tion of the specimens showed that little or no crushing 
occurred. ‘The Potomac River sand used was angular 
to subangular, consisting essentially of quartz, shale, 
and sandstone, and containing some grains of chert, 
schist, feldspar, mica, and clay. 

The characteristics of the various materials used 


were as follows: 
ASPHALT CEMENT 


SRR RAYNE ola) 10 eter Bete eR re a a 
Flash point, °C 
Beemer a tore LOO gi Betsy, 2D Osos. oe ee Sto cies 50 


MEETS OTe ok end a te op ASE 55 
MUGthilitvesco mC. centimeters=-- — 2-5 2st sece es eeae 110+ 
Loss on heating, 50 g, 5 hours, 163° C., percent_______-_- . 05 
Penetration of residue after loss by heating________-_-- 40 
Total bitumen, soluble in CS., percent__.._.._._-:-__-- 99. 8 
Organic matter insoluble in CS:, percent____.__-------- 5 il 
Inorganic matter insoluble in CS:, percent_____--_----- aa 
Total bitumen insoluble in 86° B. naphtha, percent_ -_--_- 28. 5 


LIMESTONE DUST 


CECA 1G pee eee ee yO SE ce oe 2. 701 
Percentage retained on no. 200 sieve_______-______---- 12. 0 
Percentage of voids (Bureau vibrator method) -____-___-- 37. 6 
CRUSHED LIMESTONE 
Passing *4-inch sieve, retained on \-inch sieve, percent__ 52. 5 
Passing 14-inch sieve, retained on no. 4 sieve, percent____ 22. 5 
Passing no. 4 sieve, retained on no. 8 sieve, percent_____ 25. 0 
IL Le) NAGY te ere ete a ona SEL ey tee he 2. 310 
ELCeMLL eo ClOleW Cala meee eer Le eres ane ae Se) ae Ne 10. 4 
ENOSOLDULOLAR DCL COL.l mae meinem hare se Aer ge ee hs 6. 56 
SAND 
Passing no. 10 sieve, retained on no. 20 sieve, percent___ 7.6 
Passing no. 20 sieve, retained on no. 80 sieve, percent___ 7. 2 
Passing no. 30 sieve, retained on no. 40 sieve, percent__. 11.2 
Passing no. 40 sieve, retained on no. 50 sieve, percent_-_ 17.0 
Passing no. 50 sieve, retained on no. 80 sieve, percent__. 25.6 
Passing no. 80 sieve, retained on no. 100 sieve, percent-_ 8.8 
Passing no. 100 sieve, retained on no. 200 sieve, percent. 15.2 
passinomos200isieve, percents 2.2 225-45 220 eo 7.4 
CeO OCA VALY cee ee eee ans ee ne ey he ae 2. 659 
Percentage of voids (Bureau vibrator method).________- 33. 4 


PREPARATION OF SPECIMENS AND METHODS OF TESTING 


The proportions of the mixtures used are expressed 
as percentages by weight of the total and are shown in 
table 1. In the preparation of the test specimens the 
ageregates were proportioned by weight and then heated 
to about 184° C. ‘The hot aggregates were then placed 
in a mixing pan that was indirectly heated by an oil 
bath. The asphalt cement, previously heated to about 
168° C., was added and the mass mixed with trowels 
until all particles were uniformly coated. The amount 











TABLE 1.—Composition of the mixtures used in the stability 
determinations 


SHEET ASPHALT MIXTURES 



































ae . : Composition of mineral 
Composition of bituminous mixtures ageregates 
Bitumen Dust Sand Stone Dust Sand Stone 
Percent Percent | Percent | Percent | Percent | Percent | Percent 
10 0 OO eee eee 0.0 LOO OF ieee 
10 5 86 feos ee 5.6 454 iS 
10 10 SO eee uh bata eee ea 
10 15 (hie ote sees 16.7 S6r0) "\eeccen nea 
10 20 i OGa eee 22,2 (h AR hee ee 
10 25 ileal Boe Sees 27.8 ppg gl leony eee, ae 
8 15 Tt | eee 16.3 Saad se soneeee 
10 15 does eee 16.7 Rees Pits i [Ces Berets Nes 
12 15 Hehe |S ae see uly ea O2..9> es eee 
BITUMINOUS-CONCRETE MIXTURES 
8 4 78 10 4.3 84.8 10. 9 
9 4 77 10 4.4 84.6 11.0 
10 4 76 10 4.4 84.5 ADD Fa 
11 4 75 10 4.5 84.3 11.2 
6 4 70 20 4,2 74. 5 ya} 
7 4 69 20 4.3 74, 2 Zhao 
8 4 68 20 4.4 73.9 21.7 
9 4 67 20 4.4 73.6 22.0 
5 4 61 30 4.2 64, 2 31.6 
6 4 60 30 4.3 63.8 31.9 
if 4 59 30 4.3 63. 4 32.3 
8 4 58 30 4.4 63. 0 32. 6 
9 4 57 30 4.4 62. 6 33.0 
5 4 61 40 4.2 53. 7 42.1 
6 4 50 40 4.2 53. 2 42.6 
7 4 49 40 4.3 52.7 43.0 
8 4 48 40 4.3 52.2 43.5 
5 4 41 50 4,2 43.2 52,6 
6 4 40 50 4.2 42.6 63. 2 
7 4 39 50 4.3 41.9 63.8 








of the mixture needed to make a specimen 2% inches 
thick and of the desired density was then placed in the 
molding machine form and rolled. 

The required amount of rolling varied with the com- 
position of the mixture, the load used, and the amount 
of compaction desired. After rolling the specimen 
was removed, allowed to cool to room temperature, 
and its density and voids were determined. 

The specimens to be tested in the roller machine 
were placed in collapsible forms that supported the 
sides and prevented warping or other deformation. 
They were then transferred to a constant-temperature 
water bath at 60° C. and left until they were at a 
uniform temperature throughout, as determined with 
a thermometer embedded in a similar specimen pre- 
pared for temperature control. The time required to 
reach this temperature was about 3 hours. The speci- 
mens were then transferred to the testing mold and 
placed in the bath of the roller testing machine, the 
temperature of which was also maintained at 60° C. 
The revolving disk carrying the rollers was lowered 
until its full weight was carried by the specimen. A 
record was kept of the number of roller passages over 
the specimen and of the corresponding longitudinal 
deformations. 


RESULTS OBTAINED WITH HUBBARD-FIELD AND ROLLER MACHINES 
COMPARED 


In order to have a uniform basis for comparing the 
results obtained with the two testing machines, it was 
felt that the test specimens not only should have similar 
composition and physical characteristics but also 


138 





SPECIMEN ~ 27x 4x8 INCHES | 
DENSITY = 2.257 
VOIDS = 2.21% 


HEIGHT OF CORED SPECIMENS- 24 INCHES 
DENSITY =2.222 2.204 2.218 
VOIDS =3.72% 4.51% 3.90% 
TOP INCH OF CORE USED FOR HUBBARD-FIELD TEST 
DENSITY = 2.229 2.196 2.235 
VOIDS =3.42% 4.85% 3.16% 


Figure 7.—PosiTrions AND DENSITIES OF SPECIMENS TAKEN 
FRom SHrrt-AspHALT SAMPLE. 


should be molded in the same manner. For these 
reasons the specimens used in the Hubbard-Field tests 
were obtained from the 4- by 8- by 2%-inch blocks 
molded in the same manner as those tested in the roller 
machine. Cores of the exact test size were obtained 
by forcing a sharp-edged steel pipe through the speci- 
men. ‘The force required for cutting was obtained 
with a hydraulic jack. The blocks were warmed 
slightly to facilitate penetration with the minimum of 
distortion. The top 1 inch of the core was used as the 
specimen and the average of the test results from the 
three Hubbard-Field specimens taken from the molded 
block was reported as a single test result. 

Figure 7 shows the relative positions of the cores, 
A, B, and C, taken from the 8- by 4- by 2%-inch blocks 
and also shows the variation in densities and percentages 
of voids between the Hubbard-Field specimens and the 
block from which they were cored. This variation is 
believed to be due to particle disarrangement that 
occurs along the cut surfaces of the core, since previous 
work with the molding machine has shown that the 
8- by 4- by 24-inch blocks are quite uniform in density 
throughout.® : 

Two series of mixtures of the sheet-asphalt type were 
used in the comparison of the two machines. In one 
series the percentage of dust was held constant and the 





6 A Machine for Molding Laboratory Specimens of Bituminous Paving Mixtures, 
by J. T. Pauls, PusBitic RoAps, vol. 10, no. 2, April 1929. 
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percentages of sand and asphalt cement were varied. 
In the other series the percentage of asphalt cement 
was held constant and the percentages of dust and sand 
were varied. The percentage composition by weight 
of the mixtures is given in table 1 and the test results 
are shown in figures 8 and 9. 

Figure 8 shows an increase in stability with a decrease 
in the percentage of voids for all three bitumen contents, 
the change in stability being least for the mixtures 
containing 12 percent of bitumen. In this mixture, 
a change in percentage of voids has a greater effect 
upon the Hubbard-Field stability than upon the roller 
stability. With the mixture containing 10 percent of 
bitumen, however, the reverse appears to be true, while 
for the mixture containing 8 percent of bitumen the 
two curves have about the same slope. 

Figure 9 shows the effect of percentage of voids on the 
stability of mixtures containing various percentages of 
dust. Here, as in figure 8, the general trend of the 
results is the same for both methods of test. For 
mixtures containing 15 percent or less of dust the 
stability increases with a reduction in percentage of 
voids, while with mixtures containing 20 and 25 percent 
of dust the stability increases as the percentage of voids 
increases. 

These curves show a marked similarity in the general 
trend of results obtained by the two methods of test. 
However, there is no definite mathematical relation 
between the stabilities determined by the two methods. 


ROLLER STABILITY TEST RESULTS FOR ASPHALTIC CONCRETE 
MIXTURES 


Asphaltic-concrete mixtures of the compositions given 
in table 1 also were tested in the roller machine in the 
same manner as the sheet-asphalt mixtures. As shown 
in table 1 the percentage of dust was constant for all 
asphaltic-concrete mixtures, the principal variables 
being the amounts of stone and sand used. For each 
of the five percentages of stone, the asphalt-cement 
content was varied sufficiently to produce a series of 
mixtures having a range in plasticity. The test results 
showing the relation between roller stability and per- 
centage of voids for the different mixtures are plotted 
in figures 10 and 11, and the effect of the percentage 
of asphalt cement for varying percentages of voids is 
shown in figure 12. 

As was found for the sheet-asphalt mixtures, an 
increase in stability occurs as the voids percentages 
are decreased for a given asphalt-cement content; 
an increase in stability also occurs for a decrease in 
asphalt-cement content when the voids percentage is 
kept constant. These data indicate that the roller 
machine distinguishes between the factors affecting the 
stability of asphaltic-concrete mixtures, as well as for 
sheet-asphalt mixtures. 


ACTUAL ROAD DISPLACEMENTS COMPARED WITH ROLLER- 
STABILITY VALUES 


Few data are available for use in correlating actual 
field behavior with roller stability; however, some tests 
have been made upon samples from pavements of 
known behavior. Specimens from the asphaltic-con- 
crete sections of circular track described in Pusuic 
Roaps, vol. 14, no. 11, January 1934, were tested for 
stability in the roller machine. The analyses of the 
sections tested are given in table 2, and the results of 
the test are shown graphically in figure 13. This curve 
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VOIDS IN COMPACTED SPECIMENS — PERCENT 
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FiaurE 8.—RELATION BETWEEN STABILITY AND PERCENTAGE OF VOIDS IN SHEET-ASPHALT SPECIMENS CoNnTAINING 15 PERCENT 
oF LIMESTONE Dust AND VARIOUS PERCENTAGES OF ASPHALT CEMENT AND SAND. 
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Figure 9.—RELATION BETWEEN STABILITY AND PERCENTAGE OF VOIDS IN SHEET-ASPHALT SPECIMENS CONTAINING 10 PERCENT 
or ASPHALT CEMENT AND VARIOUS PERCENTAGES OF LIMESTONE Dust AND SAND. 
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FiGuRE 10.—RELATION BETWEEN ROLLER STABILITY AND PER- 
CENTAGE OF VoIps IN ASPHALTIC-CONCRETE SPECIMENS Con- 
TAINING FouR PERCENT OF LIMESTONE Dust AND VARIOUS 
PERCENTAGES OF STONE, SAND, AND ASPHALT CEMENT. 


shows longitudinal displacements of the bituminous 
concretes in inches plotted against roller-stability 
values. This longitudinal displacement was the total 
movement of 25 screws spaced 6 inches apart in a 
radial line on a circular test pavement and was derived 
by taking half of the total movement of 50 screws in 
two lines. The sections with the least displacement 
had the highest roller-stability values. 
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Figure 11.—RELATION BETWEEN ROLLER STABILITY AND PER- 
CENTAGE OF Vorps IN ASPHALTIC-CONCRETE SPECIMENS 
ConTAINING Four PERCENT oF LIMESTONE Dust AND Va- 
RIOUS PERCENTAGES OF STONE, SAND, AND ASPHALT CEMENT. 


ROLLER STABILITY METHOD PROVES PRACTICABLE 


A study of the test data presented shows that, while 
no constant relation exists between stabilities as meas- 
ured by the Hubbard-Field and roller-stability machines, 
both methods show the effects of various percentages 
of ingredients and voids, factors that influence the 
stability of sheet asphalt mixtures. Both methods 
show that variations in a given factor influence stability 
in the same way. In addition, the roller machine results 
show the effect of various percentages of ingredients and 
voids upon the stability of bituminous concrete mixtures, 
the results being comparable to those obtained on the 
sheet asphalt mixtures and are in agreement with 
commonly accepted theories. Although a considera- 
ble number of tests on pavements of known behavior 
will have to be made before roller stability results can 
be used as a measure of expected service behavior, it 
appears that the roller machine is a satisfactory device 
for determining the relative stabilities of both fine- and 
coarse-graded asphaltic mixtures. 

Additional advantages of the roller machine are that 
specimens of varying depth can be tested and that 
field specimens can be prepared without apparently 
disturbing the material within the specimen. This is 
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Figure 12.—EFrect oF VARIATIONS IN PERCENTAGE OF ASPHALT 
CEMENT ON ROLLER STABILITY OF ASPHALTIC-CONCRETE 
SPECIMENS CONTAINING Four PERCENT OF LIMESTONE Dust 
AND VARIOUS PERCENTAGES OF STONE, SAND, AND ASPHALT 
CEMENT. 
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Figure 13.—Comparison oF Finup MovEMENT AND ROLLER 


eileen! oF ASPHALTIC-CONCRETE SECTIONS FROM CIRCULAR 
RACK. 


TABLE 2.—Laboratory analyses, field movement, and roller stability 
of sections of pavement from the experimental circular track 






































Section no. — 
29 30 31 32 33 
; Percent | Percent | Percent | Percent | Percent 
SB iGUIN rinses Seen eee see Oe ee 4,8 BAS Re 7.6 ao 
Passing 14-inch screen, retained on 1- 
i CDESCEOONEe ee eee eee See” 0.0 4.7 3.6 4.3 2.7 
Passing 1-inch screen, retained on 34-inch 
SCLCOIS = ae ee ee eee nana 14.6 12.7 9.6 10.0 11.8 
Passing 34-inch screen, retained on 14- 
Inch/sereen ees sae ee eee 17.0 16.1 ily 13.9 16.1 
Passing }4-inch screen, retained on 14- 
ACHES CTOOIID ates heres ne Orgs eee 8.6 10. 4 10.9 10.9 9.1 
Passing 14-inch screen !, retained on no. 
LO SlGv 2S tec ane tee eer et 3.0 4.8 Lay 5.6 7.0 
Passing no. 10 sieve, retained on no. 20 
SIC VOseeoe tess toes Behe A Jyh be Tee 3.3 3.0 3.7 4.5 4.8 
Passing no. 20 sieve, retained on no. 30 
S10 V0 see ee 4.3 4.0 4.5 4.6 5.0 
Passing no. 30 sieve, retained on no. 40 
SIOVOSs—2 Se oe ea ee Se eee 3.4 3.0 3.4 3.3 3.3 
Passing no. 40 sieve, retained on no. 50 
SIGV Glee eee. enna ah eee oe 8.2 6.6 7, 2 6.9 6.5 
Passing no. 50 sieve, retained on no. 80 
SlCy Cee eer et ee 12.0 9.2 10.5 8.7 8.4 
Passing no. 80 sieve, retained no. 100 
slovesee oe ee ee ae 6.8 5.2 6. 2 6.1 4,8 
Passing no. 100 sieve, retained on no. 200 
slevenes te ae ee eee 8.5 8.6 9.1 7.6 6.5 
IPASsiIng nO sZOOISIeVOm == seen ae ae ee 5.5 5.9 6.8 6.0 6.7 
ui Ba Ret (en ee es SR. ees 100. 0 100. 0 100. 0 100. 0 100. 0 
Field movement, inches-_-----.---------- 0.8 0.5 5.1 21.1 21.5 
Maximum movement of single screw, 
IncGhes fees San ee we 0. 2 0.1 1.2 2.9 3.3 
Roller: stability see ee eee a 355 297 244 88 99 











1 Screens have circular openings. 3 Sieves have square openings. 


done by cutting with a carborundum saw that appar- 
ently does not displace the material. The effect of 
slight displacement is lessened since the area of the test 
specimen is larger than the area subjected to load dur- 
ing the test. 

By controlling the weight on the specimen during 
test, test values can be obtained for the more plastic 
types of mixture for which a comparison between test 
and service performances may be desired. It should 
also be possible to compare test and service perform- 
ances of the cold-laid or liquefier type of surface. 

Since the method of fabricating test specimens in 
the laboratory simulates the methods of compaction 
used in actual construction, it is believed that the use 
of the molding machine for fabrication and the roller 
machine for testing should furnish satisfactory labora- 
tory evaluation of probable service performance for the 
various types of bituminous mixtures. 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 





Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D. C. As his office is not connected with the 
Department and as the Department does not sell publications, 
please send no remittance to the United States Department of 
Agriculture. 


ANNUAL REPORTS 
Report of the Chief of the Bureau of Public Roads, 1924. 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 1927. 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 1928. 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 1929- 


10 cents. 


Report of the Chief of the Bureau of Public Roads, 1931. 


10 cents. 


Report of the Chief of the Bureau of Public Roads, 1932. 


10 cents. 
Report of the Chief of the Bureau of Public Roads, 1933. 
Report of the Chief of the Bureau of Public Roads, 1934. 


DEPARTMENT BULLETINS 


No. 136D .. Highway Bonds. 20 cents. 
No. 347D .. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10 cents. 
No. 583D . . Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25 cents. 
No. 1279D . . Rural Highway Mileage, Income, and Expendi- 


tures, 1921 and 1922. 


TECHNICAL BULLETINS 

No. 55T .. Highway Bridge Surveys. 20 cents. 

No. 265T .. Electrical Equipment on Movable Bridges. 
35 cents. 

MISCELLANEOUS CIRCULARS 

No. 62MC .. Standards Governing Plans, Specifications, 


Contract Forms, and Estimates for Federal- 
Aid Highway Projects. 5 cents. 


MISCELLANEOUS PUBLICATIONS 


No. 76MP . . The results of Physical Tests of Road-Building 
Rock. 25 cents. 


Federal Legislation and Regulations Relating 
to Highway Construction. 10 cents. 


Supplement No. | to Federal Legislation and 
Regulations Relating to Highway Construction. 


Now oleae 
The Taxation of Motor Vehicles in 1932. 35 cents. 


REPRINT FROM PUBLIC ROADS 
Reports on Subgrade Soil Studies. 40 cents. 


Roadside Improvement. 10 cents. 


Single copies of the following publications may be obtained 
from the Bureau of Public Roads upon request. They cannot 
be purchased from the Superintendent of Documents. 


SEPARATE REPRINT FROM THE YEARBOOK 


No. 1036Y . . Road Work on Farm Outlets Needs Skill and 
Right Equipment. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 


Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 


Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 


Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 


Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 


Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 


A complete list of the publications of the Bureau of Public 
Roads, classified according to subject and including the more 
important articles in PUBLIC ROADS, may be obtained upon 
request addressed to the U. S. Bureau of Public Roads, Willard 
Building, Washington, D. C. 





853 ‘60 ‘6T 


920 ‘Ses 
L60'SEt 


G0S ‘025 


L6n‘ Le 
G62 





005 ‘6 
Lie ‘tht 
9tt*lSh 


202 ‘2 
Tal ‘6S 
THS'2T 


tS0‘2tL ‘et 


266'¢3t 
G6E*SL 


t02*60S‘T 
£l16‘0z 


n°98°9 


6°9T 
St 


119‘ 38h‘ COT 


ogl ‘ene 
G16‘ £92 


93S ‘OT6‘2t 
216‘ T39 


8£9'9hO'6nT 


2fn' t60'T 
GL6*f92 


Ost 6nL ‘9 


GLE* 66h 


901 ‘6G0*SS¢ 


029‘ OLT'T 
CLt*9t6'T 


Leg‘ fel'9Sh 


8h6'H0S'T 
aS Lth‘2 


000*000 ‘002 


gll'6r6 
ena‘ <l6 


290't13°T 
69n‘ST6'T 





aoe 
2t£* 991 
226*62¢ 


oof‘ 
929'S¢ 


2°St2 
0*02T 
n° 6h 


LEE‘ to2'"t 
ls9‘o¢l‘2 
9f2'S36 


620‘¢91 
030‘T1S 
GET * 66h 


TLE T6S'T 
T6L‘*£e9'°¢ 
G6‘ Lent 


161666 
t29*006'T 
190 ‘26h 


oll ‘930° 
113 ‘926'¢ 


‘| 6Et‘11S'S 
066 'S3H'TT 
“tH 


iene 
2° TH6'h 
G£e*og2'2 





Lée‘2 
292'l9 
4ll'92 


“tthe £0S 
30539 
6916 


¢60's 
€* 62 
9th 'eT 


HET Het 
2H 0 


3°92 
0°92eT 
g°tt 


£63 't9S'T 
6LO*He Lt 
961 ‘OnE 


Chl‘ 36t 
THE HTS 


¢l2*063't 
G9S*29n'2 
316°6S 


| 2ee'esn't 
OT£*029'T 
1o2‘93S 


lel*ht6's 
020'T tL ‘9 
1S1‘9¢3*t 


032'3' 
€39‘038n'L 
203‘°0T0°6 


21H‘ 901 
Lgo*Ggl'¢ 
100‘ 36 





tl2‘s¢ 
223 ‘62 
15S ' TS 


T10'9T 
616‘9l2 
9SL‘ott 


. 


mys 


000‘ LTT 
12‘133 
13‘ 33f 


366'1¢ 
crt‘ lt 


€°3l 
6°038t 
2°9l 


-169'966 
THO'Hl tL 
2oh'n63'T 


OV oe 
“G2 
v1eoee 


222°9386 Tt 
L62*h3h's 
tOe* LHS *2 


T2922 
0*20t 


| €9L°36 
0g0'Ss6‘¢ 
63t'sln‘t 


995*2T0° 
369*<00*¢2 
6L¢‘2038'L 


G2t‘*230'Or 


169‘26t'2 
£Ge' 162‘ er 
166‘206*h 





S50 ‘ose 
orl *ss¢ 


2350'S 
gle*est 


G6e't 


#92 ‘2S 
t6L*20£ 
003 ‘¢ 


rary 


62L‘ 
eeeroe 
00 ‘0S 


3°362 
£°C6t 
2°2t 


20L'90t'T 
too 'slS‘t 
66E'Elh 


696'T1S 
ols ‘eft 


4G‘ 0S6'T 
TLL*SS0‘2 
66E‘Slh 


T°O6T'T 
2°0fh 
g°el 


229'306 
TSH‘ T0S 
960'+3¢ 


“On6'h 
60h ‘tb *T 


“4£0°L99°9 
TEL‘ 61S*S 
Loe*Gtn‘2 


49‘ LnO'€ 
6*oll‘2 
2lS'tt0'Tt 


Tes 1064 
T32'hel* 
nie'ndn'h 
ee 
‘oth! 
£1S‘199't 


nemey 


“eIquinjod Jo JU4SIq, 


~-Burmoky 
~UISUODSI A, 
BTUIBITA 3S3 


uo}3uryse TN 
BIUISITA 
quoULla A, 


BOL HOT th 
20* the he 
19° 26h ‘3 

6lh*T10'9 

aioe ee 
301'°366'T 


oeeeneren sn enenens, “ Yen . 


~gassouua yy 


“BOREL YINg 


~ Buljoreg yyNog 


oe pues] epouml 





Of6't3t 
44‘ TOT 
94S‘ OT 


156‘ 2eh 
202‘SSt 
Sér‘Lly 


~~ OND wot taWK 
. 


AGh HSK 
000‘ T 
+181 ‘662 


. 
“ 
_ 


°o 
is} 
7“ 


g2t'2 
81S 


2°S02 
L°L1S 
8°60T 


66£'999'h 
26T tHe T 
016‘ 6nS‘2 


005‘ TST ‘tT 
9t2* 6ST 
£10'619 


662'2£0'9 
££0* SHOT 
she*t9S*¢ 


6°1S3 
3° LOn 
T°H89 


Hagen 
Th*009'T 
262 ‘36 'T 


Sith SSS‘ LT 
621'S43°S 
6¢2‘leS*3 


291 ‘Sth ‘22 
£05‘*Set's 
£t0'9LE*OT 


331‘06S‘6 
+13°l60°¢ 
087 *S39‘t 





+00‘ T62‘ST 
968°901*9 
36l‘912'6 





£63190 
“THO'T 
lesen 


£09*63 
133'9tt 
€E1‘6nE 


oy 
* 

La) 

“4 


116‘ 08h 
361'093 
912 ‘She 


00S '‘T 
LLE‘ht2 
OSh ‘HOT 


O°62t 
3° ETT 
Lezte 


9n6'* 363" 
gel‘ote 
919 '336‘T 


pate 
2 she 
2£1 ‘S06 


0S4'86S'S 
HSE '3TS 
<3‘ T36'2 


o°l¢9 
DeSLLey 
6°Stt'T 


065‘31S‘t 
0SL'66L 
GOS* aT ‘2 


gel‘heo'St 
616'nee's 
Lle*29'3 


009‘9n6‘Lt 
€6¢'119'9 
B6L "teh TT 


210'G938'L 
196‘2¢6‘2 
THO ‘O48 “tH 


-265'Han' St 
"08'S 
£62‘225*6 


erupalAsuueg 
~~ u03310 
“ewoye[yxO 


e}OReG YUWON 
“euljored YON 





Set ‘G6 
02S'1St 
S19'3Gt 


190° 949 
aed 
Of OL 


OSt*¢e2 


020‘ 2T2 


000‘¢2 
393'¢6 


23k" thts 
Got*069 
co2z'*9ln‘t 


BHT LSS *T 
3£o'lel 


Lsf*gll*et 
Go£* 069 
29S'36S‘2 


o-3) 
6°S9 


1rd 
2t'2 
Bit 


bet’ 
zt" 


123*hSS*o2 
LG LG'S 
98£'00n'S 


262 ‘t£9'92 
Uae tT, 
94 268 °S 
he 


te6‘ lec tt 
OOL* th6‘2 
6L13‘022'¢ 


yOT ‘oes ‘zz 
G66 *261'S 
6£0'9hKE'9 


“yo MONT 
oOorxeayAT MAN, 
~~Aasiof MONT 





995° 1S On * Eh 
Reick QT0‘ Th 
LEstglt 265'9 


0S3*2 
££6'SS 


900‘ 22 
HEL Lt 
199‘ th 


ote‘ 3s2 | 
2S ‘06S 
69n' 823‘ Tt 


000 ‘62 
962 ‘ste 
tO‘ Te 


oe3 ‘eee 
£46 ‘068 
29‘ 9ST ‘2 


S°69 
£°t19 
9°906 


920629 
Lon*fo9't 
ten* £06't 


£66'303°T 
TIC‘ She *h 
390'6S2 ‘1 


G69‘ 9£S‘2 
269'900'9 
Mic ce ot 


294‘ 696 
9Sk ‘206 ‘2 
90°96 


6£3°606'T 
LIE'SHS*h 
196‘s23*l 


asrysdureyy MONT 


———=—=""" BDBADNT 
BXSeIQIN 





6‘lL 


: £13 'h6 
ores 


Lgt'2St 
LOO‘ THT 


41£'9 
018‘ 660‘T 
050 ‘02H 


loln ‘ce 
61'S 


130333 
TBH BHT th 
92° t03'T 


led he 
983'eel‘t 
LtS*6ES'*t 


ool *2tt't 
£12e*SSt'9 
€G¢*2S3°¢ 


6°LH6 
pedir 
“96h 


Gre‘ l6l‘2 
3‘Ol38 
99' £638 


2'G60'L 
€¢2*Got ‘or 
Enl*gne's 
ee 


Gut ‘hTS‘OT 
299°Ll6‘tt 
Ote‘e2S*3 


Hel 69l‘¢ 
Onl'elt'9 
Le2*onS*¢ 


Sql 6on'L 
90f ‘ost ‘2t 
$19‘816°9 








~~ €02*L0S 
6£S‘13 
Lan‘ 6ne ‘Tt 


+£0°6L 
OOT ‘332 


ww Nemes wor 
ee 
wor unor nn 


ors ‘ze 
00n'6T 


TOL‘ T82'T 
£06‘ 0n0'S 
0n3‘l63'T 


0l6'S63 
let‘9lo‘t 
659'T3C'2 


nz2'96c'2 
4650519 
Oek* Tho ‘th 


o°01 
€°G2S 
err 


ftn*LGS°¢ 
G20'2hO'T 
Lyt ‘foe 


¢2e*9S*6 
HSL'2elS‘tt 
2G0'S1 Th 


| cor‘oss+ cr 
91L*90n'<T 
315° 163 't 


J 


165°G2h'S 
eae 
tlt OSE '¢ 


695'969‘0r 
Lee‘9glat 
00T‘165'9 


“BueUuOpy 
~LMossify 
1ddisstsstyy 
e}OsouUIYy 
“ues Iya 
s}Jesnyoesseyy 





6lt‘leée 
225°6 
£9t ‘ose 


9le'9lt 
263 ‘9TE 


loon 


2nd tS 


2T£ ‘Sth 
ee 
0'2e6't 


9S6‘ls2't 
TO£'0S 
60£'29H'T 


299'19S‘2 
Ont 119 
999'S6S'°¢ 


T61'3S2 
366‘930'T 
Ges ‘tse 


| onG' tlt ‘2 
116*962e°¢ 
160*962 ‘th 


395°S6n‘2 
t02"T it 
039'h0' 





£16‘062 
hOT T9E 


31S'962 
nS‘ LE 
O0£ ‘ 6T 


000 ‘of 
B16'Sh 


926‘ t£S‘2 
L3e'Gant¢ 
GG0‘36L‘2 


¢9t*St9 
620°SL 
26£ ‘ese 





Lnlt Lot’? 
21S‘ <49' 
g0c'Gee*¢ 


2£3 ‘366 
SHl'6S°T 
206°6£6'T 


133g*t9l'3 
611°9S56°6 
22S*2ll'6 


| 369‘991'3s 
€El* Hs tt 
601 ‘09£ ‘et 
Al 


360'OT3‘T 
93S‘ ttl‘ 
2£6'¢96‘2 


L26*49S'¢ 
116*69¢'E 
16S‘ 323°S 





1Te*813'¢ 
Gl9*Ltt's 
TOL‘ BITS 





HL9*Sen 
o1S'Slg 
oot 'S9¢ 


tl2‘4le 
Gon‘ Sst't 
ol9's¢t 


26r‘llt 
olo‘2t 


113'290'h 
268° 6th'9 
#02 'S9L 


316‘ CTS‘T 
066 '2SS't 


11S*0£9'S 
288‘200'TT 
Onc 6LL 


Latgee 
Goth 
216'l00'T 


Get ‘6a 's 
Llt‘2S6'et 
O82 HOR‘ 


3£6'393'3 
602 ‘sll*cy 
Gtl*nel's 


-£96'380'S 
TOn' 1263 
gan‘ lle‘2 





0G2*tze‘2 
L19‘Ont 
£00' Ltt 


Geo'ts 
126'SLE 


n6L°9 


Gly‘ leS*t 
0£3 ‘036 
£092 


265‘ tS2't 
614° 6S 
Loz* soz 


61E*S98'2 
2661 ttt 
scl‘ l¢e 


THL Ete 't 
606‘ £91 ‘Tt 
365‘0SL 


HT3*Gsc's 
199‘360'S 
4£2‘OT9'T 


reper 
ett ith lL 
606 '€On*2 


T6n*ETT'S 
€n£‘199'2 
G6E'<26 


| 6GE°11S*L 
09 630‘ OT 
099'SS0‘ot 

"Ga" £o*or 
oll‘olS*Lt 
6he "98h 
GBT‘ 160‘OT 
Hes'tce's 
330'613'T 


aureyyy 
eueIsmoyT 

a -AAONAVUI 
sesuey 

“BMOT 


“slouttyy 
ouEP] 


~~epuol yt 
arBMElIq 








ozs'1S2 
69°61 
HES‘ Cse 


olt* 192 
Col 'nke 


Let‘oz6 
016‘ 32S 
2lg*lee's 


313° 63t 
816°Sol 


31S‘*l30'T 
Got‘ +98 
29H ‘60'S 


1S2'e2 
Con‘ Le6*2 
360°980'2 


1HS ‘6632 
B£5'3969'9 
OLT*632'hT 


| tLL‘s2t"e 
681'hSc ‘or 
6EE SHS‘ te 


292 'HSh'T 
900‘ 98h *¢ 
9o2‘2o6'L 


1*G93'2 
ofc nie'9 
+S£°109'St 








BLS*CHT 
263 ‘ltt 
0£6'006 , 


229 '* Ont 
Omen *€ES 


Han‘22t 
98215 


senate 
16 ‘She'T 
EEE*9H6T 


090‘ 361 
ze 
265 


Lah‘ 1132 
Let 68S't 
2Se*Ell*2 


ten‘2z0'T 
269'812"t 
ber'lls , 


a9 nls 
S696 'h 
OL6*129'L, 


991695" 1 
££3*G60'L 
019'0£9' TT, 


6HO's2n'e 
coer ce 
2n3‘6' ZH g 


GEetanlig 
096‘ T12'S 
cftole's t 


———— “jnoyoauU0D 


~“opelojod 

BECOME) 
ee | 
~euozuy 
Bulegely 





spung 
SHOM 1q9Ng 
Sor 


SqIOM IGN 
E61 





spuny 
SHIM WNIGN 
SE6I 


23821 





spungy 
SHIOM PHN 
£61 





oBBa] AL 





spung 
SAIOM SIGN 
SE6r 





spung 
sqIOM IGN 
veOr 





4s0-D 
[BIO pazeurrjsgy 


aBeotA 


spung 
SHIOM H1GN 
SE6r 





spun 
SHIOM 2H1GNg 
£61 





3s0-Q [BIOL 





(pung se6r) 
PEST ‘BT aunt 
jopy 


(pung £61) 
£€61 ‘OT aunt jo 
PV P43 JO FOZ 29S 








SLOafoOud MAN Hod 
ATAVTIVAVY SONN4 JO FAONVTVa 


NOILONAYLSNOD HOA GHAONddV 


NOILONALSNOOD AFGNN 


adaLlaTdWwoo 


se6l‘I€ LSNONV AO SV 


‘€ GNV % ‘I SASSVIO JO ANVWINNS 


SLNAWNOILYOddy 


(SAGNN4 S€6T) b€6T ‘81 ANN[ AO LOV AHL Ad ANV (SANNA £61) LOV ANAAOOTY IVINLSNGNI TVNOILVN FHL JO 0% NOILOAS AG GACIAONd SV 


NOILONALSNOO GVvOwe SHAOM OITANd SULVLS CHLINN AO SNLVLS LNaAAAND 








\ 
fi. 
\ 
¢ 
* 
; 
3 
Te 





MG TRFE ART) he ene t. 
ee iat Bal 
mee ceoneteste netarknesd sis Mh 
3 ; 
rere ie oh *8 2488 Ripa mE eee oi BFR A EFS 
pte ate is nee f ilaccaricurhanes isrett “oy ines 
Se ve nN ri 
er aa ty be iad iret . tH OME Grey yan, ‘ 


aA 
Saeed 
ate ase ok yet Peary a) 
wi th reiesahates eee 
1a bets cece oe 


Wher ER ® 
Bieta {gupbicensdire 
ie OE Rs oh ee 


Seg 
acceler OME CE Doge et brane 
en catia: Hgts : Ae GH ay webre 
fetostiem if y it ap C 7 ‘ Hehehe 
Lait teh seen " ihaneseaean ts 
Sol 
TREN oh 
ae enh "e Chaat Ai ee: 
pialeaxe saat i ig ite. ers a MS hes ors pers debed o4 
ey 1 hy $ hs ap Ror ere era en 
deh rte 
a 


sae “ 
— a — et 


ise 


SL Gi k alg I Ve 
ty ae Ve i 
Feb wary 
biieeire Was 


ited sit Mi 
ee cae pied 4 
Ses AA PR pedi rhed $i PANES ty es 
sine eet ae eed TRH: Kerb 
ty a {Yet e . 
att ty ube SLs 
oe : ee ‘i oe mth atitity it an , Fi vnvenighe 
bt otic ete iftur kev been eth ation bs bcr 
ay Hy uri y mace! Ate ben kp Curie cries eet 
. fi Watethense ta meee ay 
iW Wie fe bir 
ate: si ees 
¥ 2S Heat 
Soaks uh is ihe ihe 
4 Aart sh ue byt) 5 
Skee ane uaa ey ht 
ee tt a ian 
we Wig baa ris riares mrt Wh 
cone aan ae itt pia i aneninees Nf 
ih ¥/ 
i site ele at Haters aos 
Hes isd a Siacehaicetans 
iy aid 4) (de ee sitet Wiebe bee iH 


as 
i 

mene 

Hee 


Sek ht ies oe 
mt 
a ia 


Ss ; 
Nae th +1 ehh } oe if apie 
a ees ae a ae a i brie utes 
TAT Bea \ Ai) ' hehehe Bene HAE iit? SWORN UY 
ae en Ue tr eA SR Fie tice 
iy Hi tes a i Heit ii Rca irene y BAe siete 
j a r a Why f f THEM ens t Mth bleep 
Th mi Pats anh ae 4 bvegeh 
i oe eat i dean 
ANG He 
hee eect de iy a 
a eck 


oe 
Vineet iY, 
Preeti tat re 
mr es hy ms 
j 


Cs eres ay 
AMT Ge. 


ny 


My 
sia 
Ty \ af i ( 
ee Hees 4 inh kt) Hither ‘ iy thane } j ‘A 
mM eta jet) pear ' it vith ae Ma oh uh Petia i Ha yn th ng ib 
iu oN) Steeueny Auth Hie aoa ipsiiett i) 
e Ma i hy > art ay w 


i ae ‘i NTE } 
tates : Mr Meee vie sh (EN fs 4 
oe oe i ig tea H i hy JB) Hany 3 ' eit \ Pitaeae a a hee \ 
iy , ; ell ,! é ot Ca RR ER, 

ae fh ; aaa 


“f Ky 
a Iie 
ae ity ve t bay i wh Re 
fe adh eats : ae Se PWR fo sa Pt a re j 4 i a F 
TW Sa eee i Nee PAA My Bt pepe Aria EAL Kihei be (rin reatie net w rb 
; eigen ates } #48 Wey Whe 4 oH tk 
i! \ \ anit a) 


ei use 
aie i pel 
va hee in: 4 


anh 
Aeivaeare 
a at iN hi 


ya 
cs i ie H ate 
hI 


i 
+) MAN iy if 
Hone a Hale 


SHS NE ab 
hi sacha ot ieee tite 4 i i 5 aly 
Hahn eae pot es \ ee, } pikes! Wa ria 
oy fees au eeu ye eeanhae U Ve ate ; Y ce LATIN flew Wowie 
4 HH veh ie iynlick te tee Riis iil gry thea. ‘pi i: he it he tiieneal 
if We bel ny fy ie Hurl part te 


eit he + ny ipa ch 
We dtee. be nyt 


ley 


Oh 


Wate 
tevieee 


Wears 
Ete fan? 
Ay a id fe f 
Biv ‘i ‘ A= hk Hi * witeee bb 
} Leal 
prt 


arias i Hh ate 

ix diate ik co 

: ca ‘ siiten eds ps 
Hi 1 fein flat yay oy 


Anat 


* 
om, mee bia Hikes 
¥) often. e 
Bh AAC GK weed G 
fad +4 


el hint 


If f 
ae R ! Had Ete ta as 
ty " Ay . + heli: y “4 


Varespeye 

athe ry act pat ¥ fs 4 
ite sie wot a anc ig if Waciteey ; Ra lae pean hats he BP MRT. 
eee oa “4 ate vee fe ; ; hid \ Hein WO ita 
eet ee Raa iti Mate mn f vavh i ae u Hey Ait 4 Mer tih 

oily sap ey ‘| : ui Pe stolen tee i oan Hh M aia Gea haves 
aeiit ft nf Luna Din 

@ i 


a 
:3 ere 
(ice canes a ytibe O pote ts 


Vt Pa Tegry Oe Por sares 
y a Perce sore 
at Regt Vie Gav wep fy ae ae 

se Dear nay eh 

14% pene 
‘pe * te 
epic ttt hie hy goa) 
ri PiPemhigete 
Uitee dere yy 


aH feet htt 
Oh 8 tee 
Fhe yhoo 6 





